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MARK 14-30 EXPERIMENTS I poan)

INTRGDUCTION

4 serias of expariments with & full charge of Mark 14=30 assembliesn
(mae Filgure 1) hes recently been completed in the PDF. Thege experi-
mente were done to previde baelc anriched-deplsted lattloe physics
infermation for both diract use in produstion reactor oparation and
gheokout of the computer cedes used to ealoulate physisce and palety

paramsters,

he primary objective of thie series of experiments was the measure-
mernt of the shutdown margin following lnsertlon of gafefy rode &nd
amargsnay additien of HoD t¢ the coolant chanrpels. FPreliminary 3E
experimenta and esleulatione had Ilndicated that the Hp0 additicn
effent was large and that the astusl shutdown margin might ba very
gloze to the minimum ahutdewn margin of 1% kgpp reguired by Technioal
Standards,. This serias of axperiments wae ddne to sstablish &
reallstlie estimete of the ehutdewn margin in the Mark 14-30 ocharge.
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In addition, the initial resctivity of the Stage 1 leading was
detapnined, the worth of the sifety rod syetem was measured as

n checkk of caleculsted results, and the reactivity effect resulte-
ing from the removal of various comblnstiona of fuel and targeb
asgemblien weer measured Lor use 1in sefety etudles invoelving
incidents of fuel end/or target meltlng.

SUMMARY

Bereent full plle messurementa in the FDP showed that the initial
reactlvity held in contrel rods in & Mark 14=39 labtice, as
ariginglly dealigned, would he feo low L¢ snsure good psactor
oontrol at minimem resstivity inm the oshargs, Tha original target
complement of Mark 30A's everywhere exoept dang III wag ohanged
guch that a thirmd of the targets in Gangs I, II, and the buskled
Zong ware replaced with Mark 30B's, The cbserved margin of control
of 520 pb for the P-l.l oyels wae in goed agreement with the margln
of gentrol of 510 UB derdved from PIP measurements and caloulated
eprraotlona for differences in loadings.

The measuremsiits showed that large inoreases 1n repotlivity oould
aooomp the remaval of ohe or more target pasemdlies 1n this
lattlce {(up to about 0.43% k_pp) as postulated in seme of the
ingldentes used for safety ang ¥ees. Since the removal of & driver
asgembly had a negative effect on reactivity (about -0,14F lype),
the ecoolent rflow rates in the initial production chergs wears aﬁ-
Justed e snaure that a2 driver zeesmbly would melt prior to a
tarzet easenbly 1n the unllikely event of & reactivity translent
with ne saram protection.

TAght water addlilon measurements verlfled thet, with productlisn
pafety reds An the asre and the supplementary safeby aystem ink
injasted but net well dietributed, & minimum shutdown merglin
greater than 1% ko pould e malntelned followlng the emeargengy
addltlon of H»O, Eﬁer& was &lso general asgreement betwesn the FDF
and the #F 11ght water additlion messurements.

4 dlrect mezsorement of the worth of tha mafety rod ayatem In the
8£11-D~50 paese made by the pulasing technigue shewed thet Inditiel
aalsulated werths were ooneservative. The pulsed mesesursment
indicated & safety rod system worth of mbout 7% k ¢ compared to
§?Dear1y estimate of S Kepr based on PDY ﬂ&lcﬂl&%iﬂnﬂ made by
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DETAILS

Reaotlyity Meaauramegtn

The Mazk l4=30 physics design caleulations had indlcated that ~. 150
nB would be held in rods at minlmum resotlvity durdng the operaticen
of the Stage 1 production lattlge. Since large srrors in this
result could affect the aperadility of the cherge, a brief serles
of PDF mapruraments ware made to oheok this result.

Messurements were made te determine the septilfell leadlng reguired
ta make the PDP eritical &t full water height, All measurementa
were mades with reds fully inserted and an effort was made to keep
the smeptifell loading me uniform &g possible.

The two messurements of interest in the reactivity determinatlon
gre summarized in Tabls IT. The reactivity held in roda in each
case waa eatimated using ocaloulated statistlceml welghts and rod
worths measured im the 3E. Thim number, c¢d¢rrected for diffepences
in full #nd reduced water heighta where necessary, repressnis the
reactivity held in reds in the sold, olean critlcal oonditlon in
the 100 Aregs lattios. The resulte of the two individuasl measure-
ments agres well, the average being, about 260 pB. This ocompares
with & oceloulsted result of 500 pB.

gggut five dayez of 10Q Area reaster eperation are required befora
Pu beging t¢ putld in, and durdng this time & loge in reactlvity
oasurs dua € 55% pulld-in af X» and Sm, the power coefficlent,
end bumwp of ¥. Thils lose was entimated by TFD to De about
260 pB, Thus, at the point of minimum reactivity, sgeantlelly no
gontrel rods would ba in the reactor whepress caelowlatlons had
indloatad ths reactivity hald Ain roda would be as high as 150 WE.
Adequate oontzrul for fiux shaping and operatien of the reaoctor
gannot be meintained without soms control rade in the reaator.
For this rezsen the target eomplement 1n the first producticn
chorge (P=1.,1) was modifled., A Mark 304 wan exchanged for 2
Mark 30B in each hex of Gangs I and II and soime 30A'a wore oX-
shanged fer 30B's in the buckled zone. The PDP losding wan not
shanged and remsined the same as hed besn initielly planned for
the preduction raactor.

Ho0 Addition Measuremenis

BEarly 1n the Mark 14-30 experimentel program, & sarlas of maaguremente
wee made in the S8 to determine the change 1 matsrial buckllng paused
by replsoing various fraotiens ef the DU anplant by 0 in drivaers
and targets es would be the cage Lf emorgenay HpC additlon wAs nec-
agBery in the 100 Arean. The results are summarized in Figure 2 and
Bhow & large inoresea in buckling as the HoO content in the goslant
insreases. Some of these casss were alsu caloulated ualng PDY.
Comparisens between caleulatione and SE meassuraments 1llustreted

in Flgure 2 shew sppreciable disagreement at 50% HoO0 and very wide
disparity at 100% Ha0. The rundamental reasone for thism disagresment

have not been rasolvad.
s (INCLASSIFIED
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The affeats o HEG gddition tec tha full produotlon lattlce wers
datermined using“PTd ocalouliatione which hed heen normalized te¢ the
OF regults, Teohnical Standard DPSTS 105-2.04 requires that the
combined worth of the eafety rod system plus the supplementary
gafety ayatem be adeguate t0 maintaln a produetlon rezctor sub-
eritical by m margin of 1% ¢ fellowing emargency Ho0 mddition.
The FD3 eelouletione indigat S this margin was 1.3% k ? with 100%
H-0 in the opolant eheonels (SE measursments at 50% afd 100% Ho0

owed the lmrgeat H,0 affesat with 100% HoO 1n coolant ohannels) .
This result included” the worth of the aupPlementary salety system
which was oaloulated te be enly ©.2% kypep.

Eeoruse of the disagreement between caloulatlons and expsriments,

and the sma&ll magnltude of the valoulatesd margln, & series of Hp0
addition mezsuremente waa made in the PDP ubilizing the full
production lattica. The objectives of these measurements were to
measure the minimum shutdown mergin and te lnvestigate the dls.
apreement betwespn the rewaults of SE measuremsnta end PDY esloulatlons.
Tnitial mesasurements were nade with 0 in the ooclant channels to
provide a base caee for the Ho0 sddition experiments and to determine
the initial ¢old, oclesn aaptigail loading required for arltlcallty
and fletness. Mesauprements were then mede with 50% D.0-50% HoC In
the soclant shannel= of tha drivers only, and wlth alg Ho© in ths
goolant charmnele of the delvers only.

The results of tha measurements with H,0 in the poolant channele of
the drivers {Mark 1i'a) only are ghown in Figure 3, The results
indirate that the shaps of the AR~ vwm, {0 conbant curve measured
by tha 3E agpsas more oleoesly with the oPfitleal mezsurement than
doey that ezloulated by the PDQ ocde.

Tha septifeil lesding requirad for oritileal at full water hsight
in the 81l-Da0 oase corresponding to the ocold, olesn oritical
aondltion coneieted of 24 septifcells esch with 14,43 + 3.28 rods,
and 37 septifoils sach with fwe 3.28 rods, Dacavee the safety
rods and supplementary safety system miet overrlde the temperature
eoafficlent ?ahnut 70 LBE), as well as the effsat of Ho0 in the
asolant shannsla, the saptifoll leading was changed tc nine glueters
gaoh with a gingle 32,23 rod and 52 olusters each with twe 3.28 rods
to mock up the hot, ¢lean gsonditione. The Dy0 ooolent was then
replaced with HoO Iin both targets and drivers, and gafety rods wele
inserted in 21l 100 Ares safebty red posltions, Pulsing end statie
?eggirementa to determine the shutdown margin were made wilth this
geding.

The degrae of pubgriticallty wae measured dlrsofly by ineerting
pulsen of fast neutrons obtained from the neutren generater end

obaerving the decey chareoterlstlcs of the pulses. The average
result of these measuraments was 1.4 +0.28 Kepp suboritical with
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gll sixtyesix 100 Area pafety rode inserted. The pulsing neasulé.
menta were mads at three differsnt water helghts in the FDP, and

eaahewna axtrg olated to full watar height uming a2 messured value
of M= {110 em ? and the shangs in axial buekling. The results are

shewn in Figurs L.

3tatic measurements ware zlso mads to determine the ehubdewn margin.
The suberitical rezster desoribed above was made oritlcal at full
waber helght by removing the nine safety roda shown in Figure 5.

The woerth of the nine rods which ware removed i1s aquivalent to the
shutdown mergin and the next series of experiments were made to
detarmine thims worth. The worth of a safaty rod as a function of
tta position in the resoter was cbtained by removing individuzal rods
from the arditical reactor at varlous radil, snd measuring the pre-
gulting change in oritical water height. The resulta of thass
measurements are given in Pigure 6. This ourve 1z not direotly
appliceble in determining the worth of the nine uninasrted salety
rods bagaype the curve ohanges somewhat 45 The nine aalety rods

are sdded, By oomblning rod wortha obhtained from the curve and
using FDG te cilculmte the changs in rod worths =g the nine rods
ware Inserted, the margin was determined to be 1,1% kopp comparsd
vith the 1.4% kpppe result of the pulsed measurements, e averags
of the two values was taken £0 be 1.2%5 K,er.

The worth of & megkup of the eupplementary salety system wes measured
by the pulsed technique in the EDP at & water heighi of 240 om and
with 811 65 safety rode in. It wae assumed that the supplemeniary
safaty system injected "ink" conly into the moderator immedlately
adlacent to the eparjete and that moderator asscclated with the 12
slosest fuel and target positions. This ink dispersion wae Approxi-
mated by 18 By C rods (stalnless stesi gheath, O0.777" ID amd 0,875"
0D, with 75% bthecreticeal denslty of Bqﬁ} surreunding sach sperjet
position, and located am shown in Figurs 7. The worth of this
mackup was 0.0% kapp end, under the assumption above, ls considered
to te a nnnaarvativa stimate of the worth of the supplementary
salety system. One other facster rust De considered in determining

4 aonmeyvative valuas for tha shutdown mergin. Recent calouletions
and AE sxperiments indiocated that a mixture of 75% Hp0 and 25% Dz0
in the coolant channals of a4l) ageamblies produces s slightly larger
puakling lnersase than 100% Ez0. This oorreotion pedusas the margin
by 0.1% Kepe for the ordginal Stage 1 leading.

Soms additicnal correctieons muet be made to determine a rasult which

18 applicable to the initiel production charge {P=1.1). 'The change

in the target loading (ons Mark 304 to Mark 30B 1n each hex ¢f Gangs

T and II and soms Mark 30A'a to 30B'as in the bugkled zons to lncrasde
the resctivity) wae assumed t¢ have no effect on the shutdown marglr.
Although supporting measurements with the SE and ealgulatlons indlcated
that thess replacements weuld 1lnorsame the shutdown margln by about
0.2 Kgrp, Bubstitution measurements in the PDP indicated that the
effaot would be very emall, and posaibly in the opposlite direcilon.

For this reasoh, no oredit 1es taken fer thls ohange.

~saeeer INCLASSIFIED
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In an effort €0 more acsurataly monitor the axial flux in the driver
spaembliss, sowe lattios resarrangement was done by moving drivar
sgpamblies closer to several axlal power monifors. This rearranges
mant reducad the affeativeness of twalve 100 Area safety roda, BSE
magsurementa indicete this reduction in safety rod werth Teduges the
shutdown margin by ~0.4% Kerp. The peaking resultlng from this
raarrangemant necessltatad péturn to the originsi lattiee pattern.
(See npte on bottom of Taple 2.) Finally, the 233U content in the
intt1al 100 Avesn oharge 18 slightly greater than the ¢harge loaded
inta the PDP (1667 z/assambly in Pal,l ve. 1650 g/asmsembly in FDF).
Thig results in e firthap reductlon in ths marein of aboui -0.1%

Kapps

4 summary of the results and the appropriate osorrsotions are
Preaentad in Table 2.

Measursment of Safety Rod System Worth (all Do0)

A direct measurement of the worth of the 100 Aresa safety pod system
ip the Mark 14=-3¢ lattios wes mede ntilizing tha puleing teohnlgue.,
Thia was the fipst time puoh 2 meapurement hes heen mede for a 100
LAreg lattlge.

With DsQ in the co¢lant channels of all sepemblles and the septlifolls
loadad®te mook up the celd, clean oritical cenditlon, all silxty-slx
100 Ares safety rods were insgertad and the subaritical reactor was
pulsed at full watsr» helght to datermine the worth of the sefety red
system. This worth waa 7,0 +0.7% kerg.

Tha worth of the sefety rod aystam may be calowlated utllizing =&
PDQ mookup of the full produstion lattloe. The smafefy nroda are
reprasanted by reotangular regions averlaying each safaty rod
losation. 'The thermal abearption exoss 2astions in these reglons
are inoreszsed to acoount for the sdditional poison attributable to
the eafety rods., All other diffusien parameters for the safety rod
region Temain the seme as they were without safety veds, The PDQ
maph 1ine aerientation and the reletive locomtion of a safety red
replion in the E=- lattligoe are shown in Figurs TA.

SE safety rod measuremants provide the means for determining the
valua gf X to ba zeulghed to the safety »od reglons. & FIQ
meokup of fhe SE is cenatruoted utilizing the same mesh line grid
used in the produgtion lattice moockup. The k,pp of the SE mockup
with no safety rods 1z cmlceulafed wuplng & valug for the verticsl
buokling measured in the SE for that cess. The input buckling 1s
then chernged te that value measursd 1n the SE with safety rods in
place. The thermal I, of the saefety rod region ls then incransead
untll tha galoulated E ¢ matehes the value dstermined previously.
This Z may then be f&=d 1n the production mookup to caloulate
the woPth of the fuil gafety rod asyetem, This technicue indicated
& worth of 7,08 lLgps, which 1a the eame =8 the memsured result.

gowee UNCLASSIFIED
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Barly 1n the Mark 1430 caloulaticnal prcggam the werth of the mafety
Tod system whs salewlated te be 5.1% kepr,” Howevar, the IE safaty
rad massuyement meferrad ta above had na£ yat baen meds and FDQ
sefety rod parameatara for thees caleulatione were obtalned by normalizaws
S%gn to a set of SE safeaty rod measuremente in 8 lattlee using 3400 g

U drivers end Mk 304 targeats, 1In addition, a differant caloulatlonal
method was umed. To insures that the differsncse between the celoulated
safety rod worthe was net dus to the method of saleulatlon, this
sarlier sarise of caloulations was repeated using tha SE Mark 14-30
mezaurexents a5 2 basis for normalization.

In this latter method a Finer mesh line pgrid was uasd in the PLQ=GE
mockup, allowing a more detatiled caleulaticn of the padially dependent
flux to be maede. Alzo the aren of the rectangulsar zaffety rod regicna
was mich amaller, An example of the mesh linse omientation end the
safety rod region 1s shown in Figurs TB. The procese of determining

a velus for Zp*" of the eafety rod reglon 1y the aseme as hag been
previously desaoribed,

The fine mesh lins grld caznnot be ueed In the I[ull preoductlonh meclup
dus to compubar limitatiens, thus it ia necasmaary to mmsar the safety
rod peiaon over a larger reglon for use in the producstion meockup. The
region chosen conslimted of the three driver gells gurrcunding each
sefety rod., The amearing out of the poleson 1s accompliahaed with the
flux welghting edit in PDQ.

With these safety rod parsmeters, the worth of the Iroducstieon safety
rod ayatem wae agaln caleulated, The result eof thesa calculatlons
wae 8.,9% karp, 4indisating that eithsr ealeulational method gives
acoaptable rasulta.

Reactivity Bffmets of Fusl and Terget Removal

Experdiments wers mada to detarmine the pesstivity effeets resulting
From the remeval of various numbers of fuel and target assembllea,
The obJlectiver of thege meagurements were te galn some 1nsight into
the effects of fusl and target melilng In a mlxed lattlice of this
type and to provide basle deta which eauld be used In sonijunctlon
with oslouletlons to inveetigate realiatie accldent gonditions.

The aggamblies that were usad in thepe experimente are indlaated

in Mgure 8. To maintaln a desireble range of orltlenl wafter

heights during messurementes of both poslitive and negatlive reactlivity
effeats, two reastor loadings were uaed in the meapurements; sparjets
iz place and aparjete replaced with fuel and target szsemblles. The
radiasl distributien ¢f flux iz different for the two cases and
normalizegtien i3 necaagary for compariacns.

The reaobtivity changes resuliing from the removal of drivear and
target aspemblies depend upon beth the assembly locatlon and the
radial distridbution of flux, COonsequently, the PDP maasurements
de not nepasgarily represent the maximum effsets; but they ean ba
used for semparisoen with caleulation,

cenwaer |INCLASSIFIED
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The measuraments, summarized in Teble 3, show that (with eparjets
in place) the removal of a aingls Merk 304 target aasembly from
Geng II increaess the reactivity of the PDP by 0.43% Kapr &nd the
ramovel of twe adjacent Mark 30A zssemblies from the same area
inereases the rezctivity by 1,474, Part of the large incraeases
In reaotlivity in these two casss wem due to anhancement by the
radia%lflux tilt that resulfed from the removal of the target
agsenbly.

TS provide & direct comparleon with the PROD HERESY oode, single
Mark 30A asssmblies were removed from three symmetric posltions
with »espeet to the center of the PDP [thua greventing a flux
tiit), and the increaze in rasctivity was 0,31% Karrd aguivalent
%0 0.27% keff Der esssmbly, The calculated valus wes C.33% Kepp
per Mark 30A,

For the oceee ih which one Mark 304 tarzet was remeved, gold pin
irradletions were made to datermine the rlux pesking in ssasmbliae
edJazent fo the ampty position, The geld pine were taped to the
adJaosent driver and target houslng tubes, and alasc to the housing
tukee of the zdjacent driver and target amsembliss in aymmetric
logatlens in the other twe 120-dagree peotors of the charge {Flgure
9). 8ix pimm wers taped to each tube, all at the sawe helght and
20 grlented that emsh pin feoed one of the pilx surrounding lattice
pesltione,

The gold pin irrsdiations show that the themmal Plux st the driver
and target aspemblies adjacent to the empty lattioe pomition is
2.6 o 2,8 times higher than the flux at the symmetric locetions
(witheut an smpty pomitlon) in the other secters, .In addition,
azlmuthal varistions in the flux of up to 25% was mesaured &t the
housing tubas of aesgembllies zdfecent to the empty lattias pesition,
ag ahown in Flgure 10, The correspondlng szlmuthsl variatlons
ground the aymmetrie irrsdistien assemblles in the $twe undiaturbed
geobors did neot sxcesd C#.

In & lattlioe where the sparjets wers replacsd with drivers and
targete, the removal of 2 eingle Mark 14 driver sasambly Ifrom
dang II decrsased the reactivity of the lattice by 0.11% Karp
and the remeval of a single target assembly ilnoreased the
reaotivity by 0.32% Kopp, compared to the 0,43% with the flatter
redinl dlatributian wggﬁ gparlets in place,

To provide for further aomperisons with caleuiations, the affsat
of removal of adjacent driver-taraet pairs was alpo measursd 1n
the lattice with no emparjets. Removal of an adjasent ATIivere
target palr f'rom Gang II gave only a slight wesativity inoreass,
D.015% kgpp. Removal of twe adfecent palre frem the same reglen
1norensed %he reactivity by O.029% X,prr. FHowever, when foun
edJecent peires of drivers and targets were removed, lemkage
Probably becams domlnant, snd the resctivity was decrsased by

'|:|'¢ WE% kﬂff .
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Resulta of PROD HERESY caloulatione have bheen compared to several
of the sxperimasnte disoussed above. Because this code assumes
120-degree rotationsl symmetry and any perturbation in one sectox
of the lattice is implied for the other two, 1t does not caloulata
redial flux tilts that result from ssymmetric perturbations. In
pesea with small tilt, sueh as tha removal of drivep-targef palre,
PROPD HEREZY ¢an te used to omleulsate both the megnitude and sign

of the &ffegt on remctivity. In capes where the flux ti1t 1s large,
ge in the removal of a single targst mesambly, the predicted =sign
of the arfect aheuld be carrsct but the ualauiatad maghituds will

he in eprar.

The nalculated results are sumsarired in Table 3, All oaleulationa
nre for the lattice with sparjete in place; in only one case (fargets
removed from positione 1, 1la, and 1B) can the oaloulation be compared
direoctly with an experiment. The osloulabed reaotlvity change for
thie sage 1lg an Incressa of G.E;% kepp, which 1z gomawhat larger

then the measured velue of 0,81%. En,maut aamea, %the slgne of the
reactbivity changes aye pradicted well, &8 axpeotsd. Although the
seleuiatione do not desoribe the experiments exastly, the ressohably
good agreement betwesn magnltudes of the chenges indloate that the
PROD HERESY code cen be usad to caloulate the effect of vacent
pesltione for redial distributions of flux and losablonms of assemblles
other than those teed in the experiments. These caloulations nuet be
nermalized to sxperiment Lf the remgbivity change is large snough to
sause & radial t1lt in the reactor. Altermatively, a code asuch ax
FDQ could be uped %o caleulmte theee radlal tilts.

Maasurements and snalysie are continuing on the effests of less of
target asgemblles.
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TABLE 1

PDP _E-D REACTIVITY MEASUREMENTS

A, With 2 = 3.5 w/o rods in g1l eeptifcile:
Critisal water helight 355 em
Pritical vertigal buckling 87 B

Heaotivity held 1in rode o 321 w3

Reactivity needed to
campengate for watar
helght correction to 450 = 34 ¢B

Feactivity held in redas
at full water helght = 355 uB

B, With 1 =~ 3,5 w/0 pod and 1 - 14.43 wed in 24 peptifoils,
and 2 « 3.5 w/0 rode in 37 septifolle:

Criticel water height s 485G om
Oritical verticeal buakling & B3 uB
Bamctivity held in rode =t 365 B

Fesctlvity needed to
compenpate for water
helght cerrectlon n 0 uWEB

RFeactivlty held 1in roda
at full weter helght - 365 1B
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. TABLE 2
SHUTDOWN MARGIM POR MARK J4-MARK 30 CHARGE WITH ¥,0, % Kerp

Beginning of Stage 1 Suboycle

Measured 1n PDP with 1008 H.0,
& plent safety rods and
meckup of Lot clean sendition

Atatic meppuremsnt 1.1
Pulsing messurament 1,4
LYE. 3.2

Inorement with mockup of poisening
by supplementary safety eystem 0.8

Increment due te 75% Hol rather than
1008 for maximum reactivity -0,

ddJustmants to plant condltlonsz
Cne Hark 308 per hex to

ingreage initial resctlvity 0.0

Fazarrangsment for axial
mend toring® -0, 4
1667 g of fuel psr assembly om0, 1
-GIB

Total shutdown margin,
beginning of ayola 1.4 40.3%

*The proeduction reastor was shut down et low exposura when
1t wae observed that excess peaking (up %o 5 was obsarved
nesr the rearvanged poaltions, The lattlee was ghangad bask
toe the original errangement and thres safety rods wers I'¢e
piaced with APM'e., The tetal shubtdown margin in this
oonditicn was 1.5% kgppr
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